The surface and surroundings of microalgal cells (phycosphere) are critical interaction zones but have been difficult to functionally interrogate due to methodological limitations. We examined effects of phycosphere-associated bacteria for two biofuel-relevant microalgal species (Phaeodactylum tricornutum and Nannochloropsis salina) using stable isotope tracing and high spatial resolution mass spectrometry imaging (NanoSIMS) to quantify elemental exchanges at the single-cell level. Each algal species responded differently to bacterial attachment. In P. tricornutum, a high percentage of cells had attached bacteria (92%-98%, up to eight bacteria per alga) and fixed 64% more carbon with attached bacteria compared to axenic cells. In contrast, N. salina cells were less commonly associated with bacteria (42%-63%), harboured fewer bacteria per alga, and fixed 10% more carbon without attached bacteria compared to axenic cells. An uncultivated bacterium related to Haliscomenobacter sp. was identified as an effective mutualist; it increased carbon fixation when attached to P. tricornutum and incorporated 71% more algal-fixed carbon relative to other bacteria. Our results illustrate how phylogenetic identity and physical location of bacteria and algae facilitate diverse metabolic responses. Phycosphere-mediated, mutualistic chemical exchanges between autotrophs and heterotrophs may be a fruitful means to increase microalgal productivity for applied engineering efforts.
Introduction
Microalgae (also known as phytoplankton) play central roles in lacustrine, oceanic and atmospheric nutrient cycles (Azam et al., 1983; Arrigo, 2005; DeLong and Karl, 2005; Falkowski et al., 2008; Smetacek and Cleorn, 2008) , and may also be cultivated to generate biomass for conversion into biofuels-one of a number of sustainable alternatives to fossil fuels (Wijffels and Barbosa, 2010) . In addition to temperature, light and nutrients, these photoautotrophic microorganisms are critically dependent upon interactions with co-occurring heterotrophic bacteria for growth and survival (Cole, 1982; Mayali and Azam, 2004) . In natural and engineered aquatic ecosystems, bacteria are omnipresent and diverse, serving as essential nutrient recyclers and remineralizers by way of their associations with microalgae and microalgal-derived organic matter (Azam and Malfatti, 2007) . They contribute to microalgal health through organic matter remineralization and/or liberation of necessary elements to bioavailable forms, e.g. inorganic N and P and Fe (Ammerman and Azam, 1985; Wheeler and Kirchman, 1986; Amin et al., 2009) , synthesis and release of vitamins (Croft et al., 2005) , excretion of growth promoting phytohormones (De-Bashan et al., 2008; Amin et al., 2015) , infection and killing of algal predators (Fels and Kaltz, 2006) and inactivation of algal pathogens via antibiotics (Long and Azam, 2001) .
Often overlooked, however, are the microscale aspects of algal-bacterial associations, particularly interactions that occur on and near the algal cell surface, a region known as the phycosphere. The phycosphere is rich in algalexuded molecules, and is where cell-cell and cell-habitat interactions are most intimate (Bell and Mitchell, 1972; Mitchell et al., 1985; Baker et al., 2016; Smriga et al., 2016) . These microenvironments simultaneously serve as energy sources and boundaries for algae and their attached bacteria (Azam and Smith, 1991; Legendre and Rassoulzadegan, 1995) . It is assumed that bacterial cells living in the phycosphere are metabolically or enzymatically interacting with the algal host cell directly, but this has not been empirically verified in detail (Seymour et al., 2017) . As the exudates and hydrolysates at the center of these interactions are diffusible, these relationships also influence the behavior of nearby unattached bacteria subsisting on organic carbon products (Martinez et al., 1996) . In turn, bacterial chemotaxis directed by organic matter gradients surrounding algal cells may result in distinct bacterial consortia that produce bioactive compounds and provide biogeochemical functions that form complementary aspects of alga-bacterial associations (Grossart et al., 2001; Stocker, 2012) . Thus, a better understanding of how the phycosphere impacts algal-bacterial interactions would improve our understanding of both algal and bacterial ecophysiology.
Fine-scale algal-bacterial relationships may ultimately pattern the distribution of microorganisms and macroorganisms and elemental concentrations at the whole ecosystem scale (i.e. mesoscale to megascale; Allen, 1977; Azam and Malfatti, 2007) . At least half of the dissolved organic matter (DOM) present in seawater is thought to be generated from solute diffusion following bacterial chemotaxis and enzymatic solubilization of point sources from living (e.g. microalgae) and non-living (e.g. aggregates) particulate organic matter (POM; Kiørboe and Jackson, 2001) . Bacterial remineralization of these organic matter point sources into inorganic nutrients enables microalgal growth, and in combination with the heterogeneity of the organic matter continuum, may dictate the large scale biogeochemical characteristics of ocean ecosystems (Verdugo et al., 2008) . Microalgal swimming behavior and chemical communication within the community also propagate microscale processes up to larger scales (Vardi et al., 2006; Stocker, 2012) , eventually leading to changes in elemental cycling and food web dynamics that are readily measurable at larger scales (Ohman et al. 2012; Samo et al. 2012; Taylor et al. 2012) . It is therefore necessary to characterize microbial interactions at the smallest scale possible to best refine our knowledge of larger scale biogeochemical cycling.
Better understanding of the phycosphere may also contribute to better engineering of algal systems. For example, inoculating algal cultures with bacterial communities that confer health benefits could be used as a form of "phycosphere engineering". Using the freshwater alga Chlorella vulgaris, Cho et al. (2015) examined the ability of phycosphere-associated bacteria to enhance algal growth, and found that bacteria released DOM in response to the presence of algae. While this mode of interaction has been documented before as bacterial provision of algae-active metabolites such as auxins or vitamins (Croft et al. 2005; De-Bashan et al. 2008; Amin et al. 2009; Higgins et al. 2016) , the novelty of this approach lies in the potential for bacterial attachment to be stable yet amenable to experimental manipulation, facilitating a degree of control over metabolic interactions.
In this study, we selected for phycosphere-mediated associations between bacterial communities and two algal species, Nannochloropsis salina and Phaeodactylum tricornutum, and investigated the effects of bacterial attachment on algal growth at the single cell level. Our objectives were to: (i) Evaluate the ability of enriching for cell-to-cell attachment as a means to increase productivity of algal cultures, (ii) Develop an approach to quantify phycosphere-mediated beneficial interactions at the single cell level, including metabolic exchanges between individual microalgae and bacteria and (iii) Compare and contrast the associations between the two algal species and their attached and unattached bacteria. Our initial bacterial enrichment cultures were drawn from various environments and selected for bacteria able to grow on exudates produced by the two algal species. We further manipulated these co-cultures to enrich for algal surfaceassociated bacterial communities, and examined bulk algal growth, yield and bacterial community composition within the enrichments. We then collected and analysed single cell alga and bacterium activity data obtained with the 'nanoSIP' approach (Pett-Ridge and Weber, 2012), a combination of stable isotope probing (SIP) and high spatial resolution secondary ion mass spectrometry (NanoSIMS). Using nanoSIP, we quantified net Cfixation rates of individual microalgae by tracking the incorporation of 13 C-enriched bicarbonate (autotrophic C fixation and secondary heterotrophic organic C incorporation), and also tracked 15 N-leucine incorporation to quantify bacterial growth and any subsequent N transfer to the microalgae ( Arandia-Gorostidi et al., 2017) .
Results
To create cultures enriched in bacteria that physically associate with microalgae, we first selected for bacteria capable of growth on algal fixed C, which resulted in five N. salina and six P. tricornutum exudate enrichments ( Fig. 1 ). These enrichments were submitted to a washing procedure that selected for phycosphere attachment, generating the phycosphere enrichments. All phycosphere enrichments were screened for growth and yield, with 84% being rejected due to low algal growth or yield likely caused by parasitic or pathogenic bacteria. We then examined exudate and phycosphere enrichments (two each from each algal species for a total of eight) using nanoSIP after incubations with 13 C bicarbonate and 15 N leucine to compare microscale growth effects at the single cell level among the two algal species and enrichment types (exudate vs. phycosphere). These samples are referred to as "exudate enrichments" and "phycosphere enrichments". Below, we first present the bulk characteristics of the cultures and then we present the single cell results.
Growth effects and bacterial taxonomy
Our phycosphere enrichment procedure produced 420 N. salina and 480 P. tricornutum co-cultures derived from exudate enrichments. These 900 total phycosphere enrichments were arbitrarily down-selected to 140 that met or exceeded growth and/or yield of axenic cultures. Fortyseven of these phycosphere enrichments (12 for N. salina and 35 for P. tricornutum) were chosen for subsequent productivity measurements based on their elevated growth and yield characteristics in 24-well plates. We measured significant growth rate and/or yield increases compared to the axenic controls in 100% of the N. salina phycosphere enrichments grown under a 12 h light-dark cycle, but no enhancements in 24 h continuous light. The opposite trend was observed in the P. tricornutum phycosphere enrichments; those grown in 12 h of light-dark showed no growth or yield improvement compared to axenic controls, and those grown with 24 h light increased growth and/or yield in 74% of the P. tricornutum phycosphere enrichments (Supporting Information Fig. S1 ). The divergent light responses of each species were expected given the fact that these two microalgae are evolutionarily distant (Brand and Guillard, 1981) , and suggested that subsequent responses to the microbiomes might deviate as well. The bacterial community composition of phycosphere enrichments was examined to identify potentially mutualistic bacteria associated with algal cultures displaying elevated growth and yield. As expected, the phycosphere enrichment procedure altered the bacterial community; richness was reduced, and evenness increased in the transition from exudate to phycosphere enrichment (data not shown, Kimbrel et al. 2018, in review) .
We posited that differences in algal physiology (growth, yield, etc.) were caused by the bacterial consortia since all incubation conditions were identical, the two algal species were clonal isolates and the only difference between the treatments were the bacterial communities. Thus, we compared the bacterial community compositions of the exudate and phycosphere enrichments for both N. salina and P. tricornutum in order to determine the bacterial taxa shared among them as well as those unique to each species or physical location (i.e., free-living or phycosphere-associated). We noted that all exudate and phycosphere enrichments of both N. salina and P. tricornutum contained Rhodobacteraceae and Hyphomonadaceae (Supporting Information Fig. S2 ), supporting the predisposition of these families to associate with algae (Amin et al., 2012) . In the exudate enrichments, we detected members of the Alteromonadaceae, Cryomorphaceae, Halomonadaceae, Hyphomonadaceae, Oceanospirillaceae, Phyllobacteriaceae, Piscirickettsiaceae, Rhodobacteraceae and unclassified Desulfuromonadales for both N. salina and P. tricornutum while all of the phycosphere enrichments contained members of the Alteromonadaceae, Burkholderiaceae, Chitinophagaceae, Hyphomonadaceae, Oceanospirillaceae, Phycisphaeraceae, Rhodobacteraceae and unclassified Desulfuromonadales. Several taxa were unique to one of the four enrichments analysed by Nano-SIMS, even at the family and order levels (Acidobacteriaceae, Flavobacteriaceae, Erythrobacteraceae, Opitutaceae, Sphingobacteriaceae, Rhodospirillaceae, Cryomorphaceae, Saprospiraceae, Desulfuromonadales, Rhodospirillales; Supporting Information Fig. S2 ). Some of these unique taxa were exclusively phycosphere-associated (Acidobacteraceae, unclassified Rhodospirillaceae, unclassified Rhodospirillales), and others were free-living (Erythrobacteraceae, Flavobacteriaceae, Opitutaceae and unclassified Rhodospirillales). Non-metric multidimensional scaling analysis based on Jensen-Shannon Divergence (JSD-NMDS) indicated distinct clusters of bacterial consortia within the individual phycosphere enrichments for each microalgal species (Fig. 2) . The clustering of samples, based on k-means, highlighted the microbiome dissimilarities of each N. salina and P. tricornutum phycosphere enrichment.
Nanoscale stable isotope probing-enabled observations and measurements NanoSIP data were collected for four exudate and four phycosphere enrichments (two each for N. salina and P. tricornutum). These data were used to determine the fraction of algal cells with attached bacteria, quantify algal C fixation and bacterial growth at the single cell level and compare algal-bacterial C and N exchange in both the N. salina and P. tricornutum enrichments.
Algae-bacteria association percentages. Using the preferential 15 N-leucine labeling of bacterial cells compared to algal cells, the NanoSIMS isotope ratio images were used to determine the percentage of algal cells with associated bacteria and gauge the efficacy of the enrichment procedure ( Fig. 3 , with statistical test results shown in Supporting Information Table S1 ). We found that the two algal species responded differently to our enrichment procedures. Overall, N. salina phycosphere enrichments did not have more attached bacteria than the original algal exudate cultures (Supporting Information Table S1 ). For P. tricornutum, the creation of phycosphere enrichments had a strong effect; algal cells analysed from the phycosphere cultures had statistically more attached bacteria than the exudate cultures (p < 0.001; Supporting Information Table S1 ). Also, the number of algal cells with attached bacteria was consistently higher in P. tricornutum compared to the N. salina cultures; >90% of phycosphere enrichment P. tricornutum cells had attached bacteria, as compared to 42% and 63% in the N. salina cultures (p < 0.01). Our phycosphere enrichment procedure also resulted in a moderate difference in the number of bacteria per algal cell for both N. salina and P. tricornutum (Kruskal-Wallis test, p < 0.05 and p < 0.0001, respectively; Fig. 3 ).
Algal and bacterial activity and exchange. We used quantitative isotope data from nanoSIP analyses to assess (i) algal autotrophic activity (C fixation measured via NaH 13 CO 3 incorporation), (ii) transfer of algae-derived 13 C-labelled organic matter to bacteria, (iii) bacterial heterotrophic activity (measured via 15 N-leucine incorporation) and (iv) transfer of bacteria-derived 15 N-labelled compounds to algae.
In the exudate enrichments, bacterial attachment did not significantly affect C fixation of either N. salina or P. tricornutum cells (Supporting Information Fig. S3 ). However, in the phycosphere enrichments, bacterial attachment was associated with significantly altered algal C fixation relative to axenic controls (Mann-Whitney tests, p < 0.01, Fig. 4 ). For both N. salina phycosphere enrichments, bacterial attachment had a negative effect on algal C fixation relative to axenic N. salina cells (phycosphere enrichment #2) and to those found in the same culture without attached bacteria (both phycosphere enrichments). In phycosphere enrichment #2, N. salina cells without attached bacteria showed a 10% increase in cell-specific C fixation compared to axenic cells. For the P. tricornutum phycosphere enrichments, one had significantly different cell-specific C fixation (64% higher) than the axenic culture, while the other showed no difference.
Bacteria that incorporated 15 N-leucine also assimilated 13 C in all enrichments, confirming that they were assimilating algal exudates, as expected ( Fig. 4 and Supporting Information Fig. S3 ). In some (but not all) enrichments, attached bacteria were observed to incorporate more 13 C than the unattached bacteria (Mann-Whitney tests, p < 0.01). Physical attachment had insignificant, or a slightly negative, effect on the heterotrophic activity of phycosphere-associated bacteria in both exudate and phycosphere enrichments, as measured by NanoSIMS imaging of 15 N-leucine incorporation (significantly negative Mann-Whitney tests, p < 0.01; Supporting Information Figs. S3 and S4). Bacteria have been shown to incorporate nitrate (Allen et al., 2002) , and so it is possible that nitrate within the F/2 media, as well as organic N released from the algae, attenuated the 15 N-leucine signals via dilution.
Both N. salina and P. tricornutum were observed to obtain 15 N in all enrichments, though the role of bacteria in this process is unclear since there was also low Isotopic correlations between and among algae, attached bacteria and unattached bacteria. We examined correlations of 13 C and 15 N incorporation by individual algal and bacterial cells to determine how acquisition and transfer of C and N influenced single-cell activities. Additionally, correlations of 13 C and 15 N between algal cells and their attached bacteria were examined to identify the interdependence of C and N exchange on the activity of single cells comprising each holobiont (defined here as an algal cell and any attached bacteria). Because these correlations were used to constrain the mechanisms that underlie the variation in algal C fixation and bacterial leucine incorporation among different enrichments and algal species, below we briefly present relationships only from incubations that exhibited significant differences in single-cell isotope incorporation.
N. salina
In both N. salina exudate enrichments, small yet significantly positive correlations were observed between 13 C and 15 N of unattached bacteria. N. salina phycosphere enrichment #2 showed a significantly negative correlation between algal 15 N and bacterial 13 C, i.e. the 'holobionts' (Table 1) .
P. tricornutum
Significantly positive correlations were observed between: (i) (Table 1) .
Preliminary identification and assessment of a filamentous bacterium related to Haliscomenobacter sp.. We were able to make a preliminary identification of one bacterial sequence, most closely related to Haliscomenobacter sp (putatively Phaeodactylibacter sp., seq154 Supporting Information Table S2 ), in the P. tricornutum phycosphere enrichment #2 enrichments. This identification was based on its morphology and the 16S rRNA gene surveys. The nanoSIP (Fig. 5 ) and epifluorescence images (not shown) for P. tricornutum phycosphere enrichment #2 showed fine filaments, consistent with filamentous bacteria. This morphology was not observed in the other enrichments. The 16S rRNA gene survey showed that the Haliscomenobacter relative was only found in P. tricornutum phycosphere enrichment #2. Because Haliscomenobacter sp. are known to be filamentous (Mulder and Deinema, 2006; Daligault et al., 2011) and no other bacteria in this enrichment are known to be filamentous, we inferred that the filamentous bacteria in P. tricornutum phycosphere enrichment #2 were likely to be the Haliscomenobacter relative. The interactions of these filamentous bacteria with P. tricornutum were characterized by inspecting nanoSIP images and specifically selecting these cells and the algae to which they were attached. Individual cells within the filaments were chosen based on the absence of 15 N-leucine at the cell junctions. The data showed that C fixation was enhanced in P. tricornutum associated with these filamentous cells compared to axenic cells and that the Haliscomenobacter relative incorporated more algal C than the remaining attached bacterial cells, but significantly less 15 N-leucine (Fig. 5) .
Discussion

Microbiomes in the phycosphere enrichments
General indicators of microbiome influence on algal physiology. At a broad scale, the JSD-NMDS plots displayed clear separations between bacterial communities that enhanced algal C fixation as measured by NanoSIMS and those that did not (Fig. 2) . The N. salina phycosphere enrichments separated into two clusters that also reflected the differences in C fixation exhibited in sample #1 versus #2. Similarly, the three clusters of the P. tricornutum phycosphere enrichments showed that different communities were associated with phycosphere enrichment #1 (unchanged algal C fixation) compared to the enhanced C fixation of phycosphere enrichment #2. We do not know whether similar C fixation responses of both algae can be elicited by the consortia that grouped with phycosphere enrichments #1 and #2. In addition, we did not test a community from the third cluster, which might be comprised of members potentially able to stimulate a different, unknown phenotype in P. tricornutum, and this remains a topic of further studies.
Inferred potential functions of individual bacterial taxa on algal physiology. A number of bacterial taxa (reported at the family level in Supporting Information Fig. S2 ) were present in all or multiple samples, complicating the attribution of their presence to algal health. Nevertheless, some taxa were only present in certain enrichments and even in certain fractions, i.e. algal-associated versus the total community, which provided an opportunity to attribute identity to mutualism by matching certain 16S sequences to impacts on algal growth as measured by NanoSIMS. For example, the family Sphingobacteriaceae (seq 1548) was unique to N. salina phycosphere enrichment #2, which featured elevated C fixation by algal cells without attached bacteria. This bacterial sequence was found both as attached and free-living but was more numerically dominant as free-living, suggesting that it might be responsible for the stimulated C fixation. Analogously, the family Saprospiraceae was unique to P. tricornutum phycosphere enrichment #2, which exhibited attachment-mediated increase algal C fixation, as both attached and free-living bacteria. The Table 1 . predominance of mutualistic traits within the Saprospiraceae is reinforced by their previously identified association with microalgae and macroalgae. They were found attached to microalgae during blooms in the Bay of Fundy (Rooney-Varga et al., 2005) . Analyses combining 16S rRNA gene surveys with fluorescence in situ hybridization (FISH) suggested they are dominant epiphytes of Ulva australis as well (Tujula et al., 2009 ). Lastly, they were the principal genera detected on all samples of the red macroalga Porphyra umbilicalis (Miranda et al., 2013) . The presence of the family Piscirickettsiaceae (Methylophaga sp., seq106) as attached and free-living cells in both N. salina phycosphere enrichments and attached in P. tricornutum phycosphere enrichment #1 indicated one carbon compounds were at sufficient concentrations to support methylotrophic growth. These results are potentially significant as organic matter contains proteins that can be degraded to form methylamines (Taubert et al., 2017) , which are then deaminated by membranebound methylamine dehydrogenases of Methylophaga sp. to yield formaldehyde and ammonium (Chistoserdov et al., 1992) .
When co-cultured with P. tricornutum, ammonium release by Methylophaga sp. supported growth of the algae without addition of N sources (Suleiman et al., 2016) . The possible detection of this interaction is discussed below.
Insights on bacterial interactions with algae from nanoSIP measurements Attachment influences bacterial activity, growth, and uptake of algal carbon. In general, attached bacteria assimilated more algal-derived 13 C material than unattached bacteria, as shown previously in the coastal ocean (Arandia-Gorostidi et al., 2017). This could be explained by attached cells exhibiting higher bacterial growth efficiencies (BGEs) through incorporation and retention of more C in biomass compared to unattached cells using C for energy production. Particleassociated bacterial communities have been demonstrated to have higher BGEs compared to free living cells (Grossart C-enriched cells of P. tricornutum (red, orange, yellow) in the left image can be seen among the less enriched bacteria (blue) while filamentous cells of 15 N-enriched Haliscomenobacter relative in the middle image can be seen among the smaller bacteria and alongside the algae in the merged RGB image on the right. B and C. Single cell data of algae and bacteria, respectively, depicted by circles with bars displaying medians and interquartile ranges. The number of cells analysed are shown above each data column and asterisks denote significant differences according to Mann-Whitney tests.
and Ploug, 2000). Additionally, Grossart and Ploug propose that this difference exists due to the variable physiology of free living bacteria dictated by a constantly changing landscape of organic matter availability. Thus, this observation may originate from the fact that attached bacteria had access to a concentrated and stable source of exuded C at the algal cell surface, enabling enhanced uptake in comparison to unattached bacteria that subsist on highly dispersed algal C.
Although phycosphere-associated bacteria benefited by assimilating more C than free living bacteria, these cells either did not display elevated 15 N-leucine incorporation compared to their unassociated counterparts or occasionally exhibited decreased leucine incorporation. Attached bacteria may have grown slower than unattached bacteria, or they may have incorporated nitrate from the F/2 media (e.g. Allen et al., 2002) and/or received N compounds (both unlabeled) from the algal cells, which would have diluted, competitively inhibited or reduced 15 N-leucine incorporation.
A Haliscomenobacter sp. relative is a potentially beneficial bacterium for marine primary producers. The data showed that C fixation was enhanced in P. tricornutum associated with these filamentous cells compared to axenic cells and that Haliscomenobacter relatives incorporated more algal C than the remaining attached bacterial cells, but significantly less 15 N-leucine (Fig. 5 ). This suggests a close relationship between Haliscomenobacter relatives and P. tricornutum, wherein the bacteria were enhancing algal C fixation and receiving C and potentially N from the algae. Yet, like other attached bacteria, there appeared to be a tradeoff between attachment and growth (as estimated by leucine incorporation). Haliscomenobacter relatives could be either mutualists or commensals because (i) when attached to P. tricornutum, they were not the only attached bacteria in most cases and (ii) the level of C fixation enhancement for the algal cells with which they associated was statistically similar to that of algal cells with non-Haliscomenobacter relative attached bacteria (Fig. 5) .
The literature includes additional accounts of this genus interacting beneficially with other photosynthetic organisms. High relative abundance of Haliscomenobacter relatives on the macroalga Delisea pulchra was an indicator of healthy tissues (Fernandes et al., 2012) . Its absence from the surrounding seawater and epiphytic lifestyle on the macroalga Ulva australis in the face of competing bacterial epiphytes suggests that phycosphere association may be mediated by the competitive lottery model (Burke et al., 2011) . Under the lottery hypothesis (Sale, 1978) , the co-occurrence of organisms equally suited to a particular niche can be explained by its stochastic availability and colonization by the organism that arrives first, thus winning the lottery. The presence of multiple niches within an environment allows competing species to seemingly share space. This concept highlights the importance of scale in quantitatively examining algalbacterial interactions, in that the dynamics of bacterial attachment to algae may be dependent on physicochemical features of the phycosphere microenvironment. If valid for the ecology of algal-bacterial interactions, this concept could be crucial for establishing stable algal microbiomes that do not permit intrusion of external bacteria with potentially harmful characteristics.
Interpretation of algal interactions with bacteria based on nanoSIP measurements and life histories
A comparison of the exudate enrichments to the phycosphere enrichments made it apparent that the selection of bacterial communities that physically associated with N. salina and P. tricornutum had pronounced influences on the ecology and physiology of algae and bacteria alike. While both algae harboured attached bacteria in exudate enrichments, this did not affect C fixation (Supporting Information Fig. S3C ). Yet, as discussed above, the nanoSIP data suggested that bacteria benefitted from these interactions-there was significantly elevated uptake of algal C by attached bacteria compared to unattached bacteria, and significant positive correlations between uptake of 15 N-leucine and algal 13 C by unattached bacteria (Supporting Information Fig. S3D ).
Following the establishment of the phycosphere enrichments, we observed changes in bacterial community composition and increases in both the percentage of algae with attached bacteria and the number of bacteria per alga. These alterations significantly affected the cell-specific C fixation of N. salina and P. tricornutum in diverging yet species-specific ways. Bacterial responses were also altered somewhatenhanced algal C uptake by attached bacteria mirrored those of the exudate enrichments, but the negative correlations between 15 N and 13 C of unattached bacteria indicated that there was a tradeoff between growth and uptake of algal C. Taken together, the data suggested that mutualistic interactions characterized the phycosphere enrichments. The mechanisms underlying these interactions, however, were likely guided by the characteristics of each algal species (e.g. Smetacek, 1985) .
N. salina-interactions with bacteria dictated by small size
As mentioned above, N. salina bacterial enrichments did not show attachment-mediated mutualism. By considering the locations where N. salina was isolated alongside the nanoSIP data, here we attempt to more fully understand and describe its association with cooccurring bacteria. N. salina CCMP1776 was collected from a tide pool at Skate Point, Isle of Cumbrae, Scotland, United Kingdom. However, most of the information on this species originates from its isolation on two occasions in France, once from supralittoral pools in Dinard and once from the coastal zone in the Gulf of Marseilles (Bourrelly, 1958; Berland et al., 1970) . In diverting energy and metabolic resources toward addressing the temperature, light, nutrient and salinity fluctuations that define supralittoral and tide pools, it is possible that N. salina cannot also meaningfully interface with co-occurring bacteria as this requires coordinated protein expression and metabolite exchange between alga and bacterium (Segev et al., 2016) . Prioritization in addressing nutrient demands over defending against bacterial pathogens has been demonstrated in plants, and could be applicable for N. salina as well (Castrillo et al., 2017) . Moreover, N. salina cells in a coastal environment would have to maintain buoyancy to minimize shading from detritus and other algae, and ensure harvesting of photosynthetically active radiation. Small cell size represents one strategy algae employ to remain buoyant in the water column and achieve an ideal light and nutrient environment (Finkel et al., 2010) . If N. salina utilizes such a tactic, bacterial attachment would be a physical burden since bacteria are denser than seawater and large bacterial cells can be half the diameter of individual N. salina cells, e.g. 1-1.5 μm. In addition, the relatively small size of N. salina minimizes bacterial attachment because it reduces the encounter rate of the cells with each other (Vaque et al., 1989) . This mediates contact such that lower percentages of N. salina are associated with bacteria, as observed in both exudate and phycosphere enrichments and, particularly, when compared to P. tricornutum (Supporting Information Table S1 and Fig. 3) . In attempting to constrain how N. salina with attached bacteria reduced C fixation, we noticed the significantly negative 'holobiont' correlations in phycosphere enrichment #2 between 15 N incorporation of N. salina and 13 C incorporation of bacteria attached to those individual algae (Table 1) . This observation supported several possible scenarios, all indicating that bacterial attachment was not directly beneficial for N. salina: (i) algal transfer of 13 C to bacteria did not yield additional 15 N input from the bacteria, (ii) parasitic bacteria siphoned algal C and reduced the energetic capacity of N. salina to accept N from commensal and/or mutualistic bacteria and (iii) algae that provided C to bacteria were unhealthy, unable to evade bacterial attachment and "leaked" organic C to the bacteria. We detected a known algicidal bacterium sequence belonging to Altererythrobacter sp. (Lei et al., 2014) , potentially implicating harmful bacteria as the cause for diminished C fixation by N. salina. However, we also propose that algal organic C releasea topic that has been discussed for over five decades (Hellebust, 1965 )-may have influenced N. salinabacteria interactions by way of a 'mucus treadmill' that kept bacteria at bay (Azam and Smith, 1991) . Facilitated by prolific C-rich lipid production and release by N. salina (Griffiths and Harrison, 2009; Rodolfi et al., 2009) , this behavior would appear as decreased C fixation. The bacteria capable of attaching to N. salina in spite of this exudation gradient have developed biochemical methods to do so, or have encountered a nearly senescent cell (exhibiting low C fixation) incapable of defending itself. These mechanisms support interaction dynamics wherein bacteriafree N. salina cells benefit from the remineralization of C, N, P, and/or metals from the phycosphere by bacteria attached to co-occurring N. salina cells (Fig. 4C) .
P. tricornutum -benefits of bacterial attachment dictated by large cell size and benthic-planktonic lifestyle Unlike N. salina, attachment facilitated mutualisms in the P. tricornutum bacterial enrichments. Like the N. salina discussion above, the possible reasons for these observations originate from details on P. tricornutum and its lifestyle.
The literature provides simple and compelling explanations of P. tricornutum symbioses with bacteria. The type strain was originally cultivated from a marine tank containing seawater amended with fertilizer in Woods Hole, Massachusetts, United States (Lewin et al., 1958) . Because it can exhibit a benthic lifestyle (Chapman and Rae, 1969) , it is likely that P. tricornutum often encounters the high densities of bacteria that live within and atop sediment environments (Luna et al., 2002) . Consequently, they may be predisposed to tolerate and/or metabolically cooperate with co-occurring bacteria. Such cooperation may have occurred as crossfeeding of ammonium by bacteria (such as Methylophaga sp. per Suleiman et al., 2016) to P. tricornutum, resulting in the positive correlation between 13 C and 15 N in P. tricornutum with attached bacteria from phycosphere enrichment #2 (Table 1) . It is important to note that, as a model system for algal research, the continuous culturing of P. tricornutum over decades may have altered its natural associations with bacteria due changes in its genome (Lakeman et al., 2009) . In any case, the inclination for P. tricornutum to interact with bacteria is especially evident due to the presence of a substantial number of genes in its genome that were horizontally transferred from bacteria (Bowler et al., 2008) as well as other genes that are used to sense bacteria and other stimuli (Schulze et al., 2015) .
Further inspection of the nanoSIP data revealed that the phycosphere enrichments were largely characterized by collaborative P. tricornutum-bacterial interactions at the intersection of C cycling and attachment. The positive 'holobiont' correlations observed in P. tricornutum phycosphere enrichment #2 between algal 13 C incorporation and the 13 C incorporation of their attached bacteria implied that increased algal C fixation resulted in higher quantities of C transferred to their attached bacteria. It is possible that attached bacteria respired the algal C and relieved microscale CO 2 limitation in P. tricornutum (Mouget et al., 1995) . This would have had the added effect of removing O 2 from the microenvironment, thus enhancing C fixation efficiency by reducing algal photorespiration (Molina et al., 2001) . We also observed positive correlations between 13 C and 15 N in axenic P. tricornutum cells and P. tricornutum cells in phycosphere enrichment #2 (Table 1) , implying that C fixation and the incorporation of N-containing compounds were interrelated factors critical for algal health. While this is well known from the standpoint of inorganic nutrient requirements (Redfield, 1934) , the positive correlation in axenic P. tricornutum highlighted its mixotrophic metabolism (Cerón Garcí.a et al., 2005) .
Experimental procedures
Culturing and microscopy
Axenic marine microalgal cultures Nannochloropsis salina CCMP 1776 and Phaeodactylum tricornutum CCMP 2561 were acquired from the National Center for Marine Algae and Microbiota (NCMA; ncma.bigelow. org) and maintained in F/2 medium using seawater prepared from commercially available sea salts (Instant Ocean, Blacksburg, Virginia). Experiments were conducted in 24 h light or 12 h light/dark cycles (irradiance 4395-5860 W m −2 ; temperature 20-22 C). Cultures were fixed by adding formaldehyde (3.7% final concentration; 0.2 μm filtered) and incubating for 15 min -1 h at room temperature, then filtered onto 0.2 μm pore size black polycarbonate membrane filters (Isopore Membrane filters, Millipore, Billerica, Massachusetts). After drying on absorbent filter paper, 1/8 sections were cut with ethanol cleansed scissors and placed onto a clean microscope slide. Each filter piece visualized was mounted to a #1.5 thickness coverslip using a 13 μl drop of counterstaining antifade mounting medium containing equal volumes of PBS and glycerol with 1 μg mL −1 of nucleic acid stain 4 0 ,6-diamidino-2-phenylindole (DAPI) and 0.1% of antifade reagent p-phenylenediamine dihydrochloride (#78460, Sigma-Aldrich, St. Louis, Missouri). Axenic algal cultures were periodically checked for the presence of bacteria with DAPI staining.
Establishment of bacteria-algae enrichment cultures
Eleven microalgal exudate enrichments (five for N. salina and six for P. tricornutum) were prepared by inoculating axenic algal cultures with 0.6-1 μm pore size seawater filtrates. Filtrates were used to exclude cyanobacteria and small algae that would have contaminated the unialgal cultures. The seawater sources were: (i) 100 l of N. salina and P. tricornutum separately cultivated outdoors in natural seawater for 7 days in Corpus Christi, Texas and amended with 2.0 mM NH 4 Cl, 2.0 mM pH balanced H 3 PO 4 and 0.07 mM FeSO 4 , 2) 557 l of outdoor co-cultured N. salina and P. tricornutum raceway ponds cultivated and diluted for 21 days using natural, diatomaceous filtered seawater from Laguna Madre, Corpus Christi, Texas, and three) coastal seawater collected from Berkeley Pier, San Francisco Bay, California. To select for bacterial consortia that subsisted on algal photosynthate and increased or had no effect on algal growth and/or yield, these exudate enrichments were incubated undisturbed and transferred to fresh media twice during 1 month (Fig. 1) .
Phycosphere enrichments were designed to select for phycosphere-associated bacteria within the exudate enrichments, i.e. those attached to algal cell surfaces. This was accomplished by transferring each exudate enrichment to either 15 or 50 ml tubes and centrifuging at 5500 × g (N. salina) and 3000 × g (P. tricornutum). The supernatant was removed, and the pelleted cells were washed two more times with seawater using 3 and 10 ml resuspending volumes. Algal cell densities of the suspensions were determined with a haemocytometer, and, using a dilution series, 1, 2, 5, 20, 40, 100, 200, 1000 and 2000 algal cells (along with any attached bacteria) were transferred into replicate wells of a 96 well plate. This dilution series was performed to facilitate observation of growth effects by simplified communities of phycosphere-associated bacteria. After growth/yield screening and down selection (see below) of the initial 420 N. salina and 480 P. tricornutum phycosphere enrichments, 12 from N. salina and 35 from P. tricornutum were chosen for further study.
Algal growth measurements
The initial phycosphere enrichments in 96 well plates were monitored for growth using chlorophyll autofluorescence (440/20 nm excitation, 600/40 nm emission) measured on a Cytation 5 microplate reader (BioTek Instruments, Winooski, Vermont). Fluorescence was read from the bottom at 7 mm read height, 10 reads per well, and 100 ms delays after plate movement. We determined that this measurement was linearly correlated to haemocytometer-counted cell numbers during exponential growth (Pearson's r = 0.90, p = 0.04 for N. salina; r = 0.86, p = 0.03 for P. tricornutum). Enrichments with potentially elevated growth and/or yield compared to axenic cultures were grown in triplicate in 96 well plates and monitored again for growth and yield. Those that exhibited the same growth and/or yield increases were transferred to glass vials, maintained and monitored as described below.
Values for growth rate and biomass yield calculations were obtained using down-selected phycosphere enrichments (2 ml duplicates), grown in 24 wells plates under full light for 24 h per day and under a 12 h light-dark cycle (Cool white, 5000 W m −2 intensity). Growth rates were calculated from the slopes of log 10 -transformed chlorophyll autofluorescence values (unitless) during exponential phase and compared to axenic slopes using the extra sum of squares F test. Yields were calculated as the 3-day mean chlorophyll autofluorescence value during stationary phase and compared to axenic yields using one-way ANOVA. Statistical analyses were performed using Prism 6 (GraphPad Software, La Jolla, San Diego, California).
DNA collection, extraction, sequencing and analyses
Enrichment cultures were grown in 250 ml flasks to midexponential phase (4 days) to obtain sufficient biomass for DNA extraction. For the exudate enrichments, 50 ml was filtered on 47 mm diameter 0.2 μm pore size polyethersulfone filters (Supor membrane, Pall Corporation, Port Washington, New York) while another 50 ml volume was centrifuged for 10 min at 5500 × g. The supernatant was filtered onto a Supor membrane to collect unattached bacteria and the pellet containing the phycosphere associated bacteria was transferred to a 1.5 or 2 ml microcentrifuge tube. Filters and pellets were stored at −80 C until processing. For the phycosphere enrichments, 50 ml was filtered onto a Supor membrane and the pellet was collected; supernatant samples were not collected since analyses focused on the phycosphereattached bacterial community in the pellet and free bacteria could be inferred as those present in 'total' community but absent in the pellet. We extracted DNA using the DNeasy Blood and Tissue Kit protocol, modified to include a different lysis buffer and to change incubation temperatures and durations. Details are provided in the supplementary information. Extracted DNA was sent to Laragen, (Culver City, California) for 16S rRNA gene sequencing on a MiSeq platform (Illumina, San Diego, California) using primers 515F and 806R (Caporaso et al., 2011) . Analysis details are presented in the supplementary information. Briefly, sequence reads were quality filtered, and assembled into amplicon sequence variants (ASVs) using DADA2 0.9.5 (Callahan et al., 2016) , and taxonomically assigned with RDPtools and RDP Release 11.4 (Wang et al., 2007) . Community and NMDS analyses were conducted with Phyloseq 1.19.1 in R (McMurdie and Holmes, 2013; R Core Team, 2013) .
Nanoscale stable isotope probing (nanoSIP)
To quantify microalgal C fixation, bacterial leucine incorporation and the effects of microalgal-bacterial physical associations on these activities, we selected a total of eight enrichments for nanoSIP analysis. These included: four of the exudate enrichments (two each from N. salina and P. tricornutum derived from the Corpus Christi, Texas outdoor algal cultures), to measure the nascent interactions between microalgae and bacteria; and four of the phycosphere enrichments (two from N. salina derived from the Corpus Christi cultures and from the Berkeley Pier; and two from P. tricornutum derived from the Corpus Christi cultures), to measure the more refined interactions that arose from selecting for phycosphere-association. Duplicate enrichments grown in F/2 media (5 ml, for a total of 16 incubations) were sampled at early -mid exponential phase (4-5 days growth) and incubated for 18 h with 500 μM NaH 13 CO 3 (99 atom% 13 C; Cambridge Isotopes Laboratories, Cambridge, Massachusetts) to label algae and 50 nM 15 N-leucine to label bacteria (e.g. Smith and Azam, 1992) . The percentage of 13 C-labelled NaHCO 3 was 20%, assuming background concentrations were similar to natural seawater, i.e. approximately 2 mM (Dickson, 2010) . Nearly 100% of leucine was 15 N-labelled, which was intended to overwhelm the ambient leucine pool, ensure uptake by bacteria and reliably indicate protein synthesis (Simon and Azam, 1989) . This approach allowed for NanoSIMS quantification of isotopically labelled material incorporated into and transferred between the cells. Samples were prepared for NanoSIMS analysis by fixing as described above for microscopy and filtered onto 0.2 μm pore size white polycarbonate membrane filters (Whatman Nuclepore, GE Healthcare Life Sciences, Pittsburgh, Pennsylvania). Sterile scissors were used to cut 1/8 wedges out of each filter; 2-3 were adhered to an analysis bullet using conductive tabs (#16084-6, Ted Pella, Redding, California) and sputter coated with~5 nm of gold. Isotope imaging was performed with a Cameca NanoSIMS 50 at Lawrence Livermore National Laboratory. A primary 133 Cs + ion beam (2 pA,~150 nm diameter, 16 keV) was rastered over 20 × 20 μm analysis areas with 256 × 256 pixels and a dwell time of 1 ms/pixel, for 19-30 scans (cycles). Before analysis, analysis areas were sputtered with 90 pA of Cs + current to a depth of~60 nm in order to reach sputtering equilibrium and ensure analysis of intracellular isotopic material. The secondary ion mass spectrometer was tuned for~7000 M/ΔM, and secondary electron images and quantitative secondary ion images were simultaneously collected for counting mode, as previously described (Pett-Ridge and Weber, 2012) . NanoSIMS data were processed using L'Image (http://limagesoftware.net). Ion image data were deadtime and image shift corrected before producing 13 (Popa et al., 2007) . Statistical analyses of the nonnormally distributed single-cell data were performed with Mann-Whitney tests, Kruskal-Wallis tests and Spearman correlations conducted in Prism 6 (GraphPad Software).
Conclusion
Here we presented an approach to enrich for phycosphere association in algal cultures and studied the outcomes at the community and single cell scales. While growth and yield assessments based on chlorophyll concentration are high-throughput and useful assessments of algal health, utilization of more sensitive methods, such as nanoSIP, provides unprecedented details on the microscale C fixation processes that underlie bulk-scale measurements. Such an approach is crucial as chlorophyll may not be a reliable indicator of productivity, as its content per cell can be affected by light intensity and quality (Richardson et al., 1983; Sosik et al., 1989) . Simultaneously, nanoSIP quantifies the exchange of the fixed C with the surrounding microbiome, as well as the transfer of N to the microalgae from the bacterial communities.
Our observations of C and N exchanges between microalgae and bacteria provide direct evidence for the role of interactions mediated by attachment. Much like applied human microbiome studies (Youngster et al., 2014; Knight et al., 2017 and references therein), our approaches to establish and monitor mutualistic phycosphere-associated microbiomes may eventually be prescribed to applied microbiology problems of interest, such as pathogens and predators affecting yields of algal-derived biofuels and bioproducts. In environmental settings, healthy microbiomes could provide a benchmark against which to test the effects of agricultural runoff or marine microplastics on primary productivity. Because this microbiome engineering approach does not require molecular or genetic manipulation, it circumvents the stigma of genetically modified organisms (GMO; Hallman et al. 2003) . Continued research in this area will assist with meaningfully progressing microbial ecological engineering and environmental monitoring from lab scale experiments to systems scale reality.
